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ABSTRACT
We present the results of a study of the time-averaged spectral energy distributions (SEDs) of eight flat spectrum
radio quasars (FSRQs) present in the second catalog of high energy sources detected beyond 50 GeV by the
Fermi-Large Area Telescope (2FHL). Both leptonic and hadronic scenarios are adopted to explain the multi-
wavelength SEDs and we find them to be marginally consistent with the 2FHL spectra above 50 GeV. We derive
the expected degree of X-ray and γ-ray polarizations both for the average and elevated activity states and note
that: (i) a hadronic radiative model consistently predicts a higher degree of high energy polarization compared
to leptonic ones, and (ii) the X-ray polarization degree is higher than the γ-ray polarization in the leptonic
scenario, but similar to the γ-ray polarization if the observed radiation is powered by hadronic processes. From
the leptonic modeling, the location of the γ-ray emitting region is found to be at the outer edge of the broad
line region (BLR) and is consistent with the γγ opacity estimates for the γ-ray absorption by the BLR. We
conclude that a majority of the FSRQs could be detected by the upcoming Cherenkov Telescope Array, though
future high energy polarimeters will be able to detect them only during elevated activity states, which could
provide supportive evidence for the hadronic origin of the X-ray and γ-ray emission.
Keywords: galaxies: active — gamma-ray: galaxies— galaxies: jets— galaxies: radiation mechanisms— non-
thermal: relativistic processes
1. INTRODUCTION
Blazars are radio-loud active galactic nuclei (AGN) with
their relativistic jets pointed towards the observer (Urry &
Padovani 1995). Due to the peculiar orientation of the jet, the
flux across the electromagnetic spectrum, from radio waves
to very high energy γ-rays, is strongly enhanced by relativis-
tic Doppler boosting. Blazars are sub-divided into two cat-
egories: flat spectrum radio quasars (FSRQs) and BL Lac
vpaliya@g.clemson.edu
objects, with FSRQs exhibiting broad emission lines (equiva-
lent width>5A˚). The observation of strong optical-UV emis-
sion lines from FSRQs indicates the presence of a luminous
broad line region (BLR), which, in turn, suggests an efficient
accretion process illuminating it (e.g., Sbarrato et al. 2012).
The spectral energy distribution (SED) of blazars consists
of two broad non-thermal components. The low energy (ra-
dio to UV/X-ray) component in the blazar SED is under-
stood to originate from synchrotron emission by electrons in
the relativistic jet. However, the origin of the high-energy
SED component from X-rays to γ-rays is less understood. In
the leptonic emission scenario, the high energy radiation is
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produced via inverse Compton (IC) scattering of low energy
photon fields that can be either synchrotron emission (syn-
chrotron self Compton or SSC; e.g., Marscher & Gear 1985)
or can originate outside the jet (External Compton or EC;
e.g., Begelman & Sikora 1987). Accordingly, in the canon-
ical picture of the powerful FSRQs, it is assumed that the
primary site of the γ-ray emission lies inside the BLR or out-
side the BLR but inside the torus, where intense radiation
fields from the BLR and torus provides seed photons for the
IC mechanism (e.g., Ghisellini & Tavecchio 2009). Alterna-
tively, the hadronic scenario suggests that both primary elec-
trons and protons are accelerated to ultrarelativistic energies.
Here, the high-energy emission is dominated by synchrotron
emission of primary protons and secondary particles in elec-
tromagnetic cascades initiated by photon-pion and photo-pair
production (Mannheim & Biermann 1992; Aharonian 2000;
Mu¨cke & Protheroe 2001; Bo¨ttcher et al. 2013).
Both leptonic and hadronic scenarios have been successful
in reproducing the steady-state spectra of blazars (Bo¨ttcher
et al. 2013). However, they require very different jet energet-
ics and particle dynamics. Interestingly, Zhang & Bo¨ttcher
(2013) have shown that the high-energy polarization signa-
tures can be dramatically different in these two scenarios.
This is because, in general, the relativistic Compton scatter-
ing that dominates the high-energy emission in the leptonic
model generally produces lower polarization degrees than
the proton and cascade synchrotron emission in the hadronic
model. Thus, X-ray and γ-ray polarization signatures can
be used to distinguish the origin of the high-energy emission
from FSRQs, making them promising targets for the future
X-ray polarimeters (e.g., IXPE; Weisskopf et al. 2016).
Abdo et al. (2010) have classified blazars based on the lo-
cation of the synchrotron peak in their SEDs. A source is
defined as low synchrotron peaked (LSP) if the rest-frame
synchrotron peak frequency (νpeaksyn ) is less than 10
14 Hz. On
the other hand, in the case of 1014 Hz< νpeaksyn < 10
15 Hz and
νpeaksyn > 10
15 Hz, blazars are classified as intermediate syn-
chrotron peaked (ISP) and high synchrotron peaked (HSP)
objects, respectively. In general, FSRQs are LSP sources and
this indicates that their IC peak is typically located at rela-
tively low (∼MeV) energies. Accordingly, FSRQs exhibit a
soft γ-ray spectrum. In addition to that, absorption of γ-ray
photons via pair-production with the BLR radiation field can
lead to an additional softening of the γ-ray spectrum of pow-
erful FSRQs (e.g., Poutanen & Stern 2010), provided the γ-
ray emission region is located inside the BLR. In most cases,
the BLR (with a spherical geometry) can be considered as
opaque for γ-rays with energies greater than 20 GeV/(1 + z).
The detection of very high energy (VHE, E > 50 GeV) γ-
rays from a few FSRQs (e.g., Aleksic´ et al. 2011) therefore,
indicates that the γ-ray emitting region must be located close
to or outside the outer boundary of the BLR (e.g., Tavecchio
et al. 2011). Overall, a detailed quantitative study of the γ-
ray absorption by the BLR radiation field can provide clues
about the location of the γ-ray emitting region in FSRQs.
In this work, we present a study of the time-averaged spec-
tra of 8 FSRQs that are included in the second catalog of hard
Fermi-Large Area Telescope (LAT) sources (2FHL; Ack-
ermann et al. 2016) with the primary motivation to under-
stand the radiation processes (leptonic or hadronic) dominat-
ing the high-energy emission of these objects. We derive the
γγ opacity self-consistently with the location of the γ-ray
emission region and predict the degree of X-ray and γ-ray
polarization in both leptonic and hadronic emission scenar-
ios. We also briefly discuss the role of these peculiar objects
in probing the extragalactic background light (EBL, Hauser
& Dwek 2001). Our aim is to study the overall time-averaged
broadband behavior of these FSRQs rather than any of their
specific activity states. In Section 2, we describe the sample.
The details of the data reduction methodologies are given
in Section 3. We outline the adopted leptonic and lepto-
hadronic/hadronic emission models in Section 4 and briefly
discuss the methods adopted to derive the central black hole
mass and the accretion disk luminosity in Section 5. Results
are presented and discussed in Section 6 and we conclude
in Section 7. Throughout this paper, we assume a flat cos-
mology with H0 = 67.8 km s−1 Mpc−1 and ΩM = 0.308
(Planck Collaboration et al. 2016).
2. SAMPLE
The 2FHL is a catalog of sources detected in the
50 GeV−2 TeV energy range by the Fermi Large Area Tele-
scope (LAT) in its first 80 months of the operation using the
latest Pass 8 data set (Atwood et al. 2013). There are only 10
FSRQs present in the 2FHL. For comparison, the recently re-
leased 3FHL contains more than 150 FSRQs detected above
10 GeV (Ajello et al. 2017). This indicates a flux cut-off in
the range 10−50 GeV, possibly due to the steep γ-ray spectra
of FSRQs. Moreover, EBL and possibly BLR absorption of
the high energy γ-ray photons can also lead to the decreased
number of significant γ-ray detections. Among the 10 FS-
RQs, 2FHL J0043.9+3424 (z = 0.97) does not have any
existing multi-wavelength observations, particularly X-rays,
and 2FHL J0221.1+3556 is a gravitationally lensed quasar1
(z = 0.94; e.g., Barnacka et al. 2016). Since there is no clear
consensus about the lensing magnification factor, we do not
consider this object as well as J0043.9+3424 and rather focus
on remaining 8 sources with the well-characterized broad-
band SEDs. In Table 1, we present the basic 2FHL infor-
mation on these FSRQs, and in Figure 1 the observed 2FHL
spectra of all the sources are shown, along with their 3FGL
and 1FHL γ-ray SEDs.
3. DATA COMPILATION AND REDUCTION
1 Recently, Falomo et al. (2017) found the redshift of the lensing galaxy
doubtful.
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We use 2FHL γ-ray SEDs of all the objects as reported in
3 energy bands by Ackermann et al. (2016) and also consider
their publicly available 1FHL (3 energy intervals) and 3FGL
γ-ray spectra (5 bands; Ackermann et al. 2013, 2015). The
γ-ray SEDs, from 0.1 GeV−2 TeV, are corrected for EBL ab-
sorption following Domı´nguez et al. (2011). One can argue
about the possible variability between these catalogs, since
they cover different time periods. However, as noted before,
our primary motivation is to study the average properties of
these objects, hence considering time-averaged γ-ray SEDs
is appropriate. Moreover, as can be seen in Figure 1, γ-
ray spectra from the three catalogs join smoothly (except for
J2000.9−1749), thus supporting our assumption.
We use all of the Swift-X-ray Telescope (XRT; Burrows
et al. 2005) and UltraViolet and Optical Telescope (UVOT;
Roming et al. 2005) observations covering the period of data
collection for the 2FHL. In particular, the XRT data are ana-
lyzed using the online tool “Swift-XRT data product genera-
tor2” (Evans et al. 2009). This tool automatically corrects for
pile-up, if any, and suitably selects source and background
regions (see Evans et al. 2009, for details).
The downloaded source spectra are rebinned to have atleast
20 counts per bin and we perform the spectral fitting in
XSPEC (Arnaud 1996). We take the Galactic neutral hydro-
gen column density (NH) from Kalberla et al. (2005) and use
two models: namely power-law and log-parabola, to perform
the spectral fitting. The NH value is kept frozen during the
fitting. The best-fit model is determined by comparing the
χ2 values derived for the power-law (null hypothesis) and
log-parabola models and computing the f-test probabil-
ity3. We retain the log-parabola model if the null-hypothesis
probability is <10−4, thus indicating the presence of a sig-
nificant (>5σ) curvature in the XRT spectrum. The results
of the X-ray spectral analysis are provided in Table 2 where
we also give the total number of XRT observations for each
source.
Note that we have combined all of the XRT measurements
taken during the period covered in the 2FHL catalog. Since
blazars are known to exhibit large amplitude flux variations,
one has to consider possible impact it can have on the results
also keeping in mind the fact the pointed mode operation of
Swift compared to all-sky scanning mode operation of the
Fermi-LAT. We have partially taken variability into account
by excluding Windowed Timing (WT) mode XRT data. It
is well-known that the WT mode is used to observe a bright
object (e.g., Mrk 421; Abdo et al. 2011) or when a source
is in an elevated activity state (e.g., Kapanadze et al. 2017).
By excluding the WT mode data, we have rejected very high
flux states, such as 2010 November flare of J2254.0+1613
2 http://www.swift.ac.uk/user objects/
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node83.html
(3C 454.3). Moreover, in Section 6.3, we briefly discuss the
possible implications of blazar variability to predict the high-
energy polarization. In addition to that, since our primary
objective is to study the overall average behavior of 2FHL
FSRQs, rather than any of their specific activity state, we be-
lieve that the results derived under this assumption are robust.
UVOT snapshots are first summed using the tool
uvotimsum and then source magnitudes are extracted from
a circular region of 5′′ centered at the target quasar, using
the task uvotsource. The background is estimated from
a nearby circular region of 30′′ free from source contamina-
tion. We correct source magnitudes for Galactic extinction
following Schlafly & Finkbeiner (2011) and convert to flux
units using the calibrations of Breeveld et al. (2011).
4. RADIATIVE MODELS
The basic assumption, when averaging years of the multi-
frequency data, is that the emitting region is considered as a
quasi-stationary acceleration zone, where a continuous flow
of particles (leptons or hadrons) are injected and then radi-
ate, moving along with a certain bulk Lorentz factor Γ (e.g.,
Hervet et al. 2016). This is because a single emitting region
moving along the jet at relativistic speed, in several years
it moves by several light-years, expanding accordingly (and
seeing varying external photon fields), while we keep the
location of the emitting region fixed. Therefore, the SED
parameters derived from such an averaged analysis provide
information about an overall average behavior of the blazar
rather than any of its specific activity state.
4.1. Leptonic Emission Model
We use a simple one-zone leptonic emission model to de-
scribe the broadband SEDs of 2FHL FSRQs, following Ghis-
ellini & Tavecchio (2009). In particular, we assume a spheri-
cal emission region (or blob) located at a distance Rdiss from
the central black hole of mass MBH. The blob is filled with
highly energetic electrons. Here, we do not consider a self-
consistent cooling model. Instead, we assume that the elec-
tron population follows a smooth broken power law distribu-
tion of the following form:
N(γ) = N0
(γb)
−s1
(γ/γb)s1 + (γ/γb)s2
(1)
where N0 is the normalization constant (cm−3) and s1, s2
are the spectral indices below and above the break energy
γb, respectively. We consider both SSC and EC for the
high-energy emission. The accretion disk is considered as
Shakura & Sunyaev (1973) type and its spectrum is given by
a multi-temperature annular blackbody with a temperature
distrubiton (Frank et al. 2002)
T =
[
3RS Ldisk
16pi ηacc σSBR3
{
1−
(
3RS
R
)1/2}]1/4
(2)
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where Ldisk is the disk luminosity, RS is the Schwarzschild
radius, σSB is Stefan-Boltzmann constant, and ηacc is the
accretion efficiency taken as 10%. The BLR and the dusty
torus are assumed to reprocess a fraction (10% and 30%,
respectively) of Ldisk. Their spectral profiles are character-
ized by a spherical blackbody located at a distance RBLR =
1017 L
1/2
disk,45 cm and Rtorus = 2.5 × 1018L1/2disk,45 cm, re-
spectively, where Ldisk,45 is the accretion disk luminosity in
units of 1045 erg s−1. We also consider the presence of the
X-ray emitting corona recycling 30% of Ldisk and its spec-
tral shape is assumed as a flat power law with an exponential
cutoff. In the comoving frame, the radiative energy densities
of these external AGN components are calculated as a func-
tion of Rdiss (Ghisellini & Tavecchio 2009). We calculate
the powers that the jet carries in the form of electrons (Pe),
magnetic field (Pm), and cold protons (Pp). In particular, the
kinetic jet power, is derived by assuming equal number den-
sities of emitting electrons and cold protons (e.g., Celotti &
Ghisellini 2008).
4.2. Lepto-hadronic Emission Model
We use the code of Bo¨ttcher et al. (2013) for the one-zone
hadronic model. Unlike the leptonic model, our hadronic
model involves a semi-analytical evolution of particle injec-
tion, cooling, and escape, to a quasi-equilibrium state by
solving steady state Fokker-Planck equations. For the elec-
trons and positron pairs, our model includes synchrotron
cooling, which is the dominating energy loss process in the
strong magnetic field required for these models and energy-
independent electron escape. We also consider injection
terms representing primary electron injection, pion/muon de-
cay, and γγ pair production. Here, electron SSC can be
important in the high-energy SED component, but in gen-
eral the SSC cooling rate is much lower than that of the
synchrotron process. For the protons, since the radiative
cooling time scale is much longer than that of the elec-
trons, we also include adiabatic and photon-pion production
losses. In this way, particle cooling is self-consistently eval-
uated. The quasi-equilibrium proton distribution is then de-
rived based on the energy loss terms, primary proton injec-
tion, and energy-independent proton escape. Our choice of
parameters are generally consistent with physical conditions
of small muon and pion contributions described in Bo¨ttcher
et al. (2013), thus we ignore their contributions to the spec-
trum. We choose the primary proton injection spectra as
straight power-law distributions with a turnover at the high
energy γb,p,
Qp(γ) = Q0,p(γ/γb,p)
s1,p , 1 ≤ γ < γb,p
= Q0,p(γ/γb,p)
s2,p , γb,p ≤ γ < γ2,p
(3)
where s1,p is the power-law index and s2,p is the power-law
index of the high-energy turnover. This turnover is a natural
result of the Fermi acceleration based on numerical simula-
tions (Sironi & Spitkovsky 2011; Guo et al. 2016), which can
be approximated by a short power-law that covers less than
one decade of particle Lorentz factor. For the primary elec-
tron spectra, because of the very strong cooling, we expect
that the high-energy electrons are sufficiently cooled, thus
the high-energy turnover is not observable. Therefore, we
choose a straight power-law spectra,
Qe(γ) = Q0,eγ
se , γ1,e ≤ γ < γ2,e (4)
where γ1,e is the low-energy cutoff of the electron spectra,
which corresponds to a background thermal temperature, γ2,e
is the high-energy cutoff, and se is the electron spectral in-
dex.
4.3. High-Energy Polarization Model
We predict the high-energy (X-ray and γ-ray) polarization
degree for both the leptonic and hadronic models following
Zhang & Bo¨ttcher (2013). Their calculations considered a
perfectly ordered magnetic field, thus representing upper lim-
its to the expected degree of polarization. Therefore, a gener-
alization with the correction for a partially ordered magnetic
field is necessary, as described below.
The general formalism for the observed high-energy polar-
ization degree is
Π(ν) = Zm
Ppol(ν)
Ptot(ν)
(5)
where Zm is a correction factor due to the partially ordered
magnetic field, and Ppol, Ptot are the polarized and total ra-
diation power in a perfectly ordered magnetic field. Given
that the low-energy synchrotron component and high-energy
SED component are co-spatial for both leptonic and hadronic
models, the optical polarization degree and high-energy po-
larization degree should be corrected by the same factor for a
partially ordered magnetic field. The same assumption has
been used in Bonometto & Saggion (1973) and Zhang &
Bo¨ttcher (2013). More recently, this conjecture of equal de-
polarization factors has been confirmed for a 3D multi-zone
hadronic model developed by Zhang et al. (2016), where the
magnetic field is partially ordered.
To evaluate the correction factor Zm, we first collect the
average optical polarization degree (Πo) for each source (see
Table 5). We collect this information from Steward and
RoboPol observatories (Smith et al. 2009; Pavlidou et al.
2014). The theoretical upper limit for the optical polarization
degree is around 70− 75 % for an electron power-law distri-
bution of index 2 − 3 (Rybicki & Lightman 1985). Given
that the average optical polarization degrees are not obtained
simultaneously with our Fermi observations, here we choose
a conservative value at 70%. Clearly the average observed
optical polarization degree Πo is lower than the theoretical
value of 70%. This is mainly because of two depolarization
effects, namely the partially ordered magnetic field and un-
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polarized thermal contributions to the optical emission. The
correction introduced by the partially ordered magnetic field
is Zm, while the correction by the unpolarized thermal con-
tribution is Psyn/(Psyn + Pth), where Psyn and Pth are the
synchrotron and thermal radiation power derived from spec-
tral fitting. Therefore, we have
Πo = Zm
Psyn
Psyn + Pth
× 70% (6)
Given Πo for each source and the fact that leptonic and
hadronic models predict very similar low-energy SED com-
ponent, so that the ratio between the primary electron syn-
chrotron and thermal emission are identical for both models,
Zm is then identical for the two models. We list the resulting
values of Zm in Table 5.
For the leptonic model, the high-energy emission is a com-
bination of SSC (PSSC) and EC (PEC). EC radiation is essen-
tially unpolarized. Therefore, the frequency-dependent po-
larization degree is predicted to be
Πlep(ν) = Zm
PSSC,pol(ν)
PSSC,tot(ν) + PEC,tot(ν)
(7)
where PSSC,pol(ν) is the polarized SSC power in a perfectly
ordered magnetic field, evaluated following Bonometto
& Saggion (1973) and Zhang & Bo¨ttcher (2013), and
PSSC,tot(ν) and PEC,tot(ν) are the SSC and EC powers de-
rived from the modeling. On the other hand, the X-ray and
γ-ray emission in the hadronic model are from proton syn-
chrotron (Pp), pair synchrotron (Ppair), and an SSC contri-
bution from the primary electrons (PSSC). Similarly, the po-
larization degree is
Πhad(ν) = Zm
Pp,pol(ν) + Ppair,pol(ν) + PSSC,pol(ν)
Pp,tot(ν) + Ppair,tot(ν) + PSSC,tot(ν)
(8)
5. BLACK HOLE MASS AND THE ACCRETION DISK
LUMINOSITY
The black-hole mass,MBH, and accretion-disk luminosity,
Ldisk, are the two crucial ingredients to model the accretion-
disk contribution to the SED of an FSRQ. With the knowl-
edge of the disk luminosity, the external photon fields can be
fully parameterized in terms of distance of the emission re-
gion from the central engine (Ghisellini & Tavecchio 2009).
This is also crucial to determine the γγ pair production opti-
cal depth as a function of the dissipation distance which de-
pends on the energy density of the interacting radiation fields
(e.g., Bo¨ttcher & Els 2016, and references therein).
Two widely accepted methods to calculate MBH and Ldisk
are (a) to use single-epoch optical spectroscopy with the as-
sumption that the BLR is virialized (e.g., Shaw et al. 2012)
and (b) the modeling of the optical-UV SED with a Shakura
& Sunyaev (1973) disk if this part of the SED is accretion-
disk dominated. It has been found in recent studies that both
the methods reasonably agree (see, e.g., Paliya et al. 2017).
We have collected the optical spectroscopic emission line
parameters from the literature to derive both MBH and Ldisk.
We take the Mg II line luminosity of J0456.9−2323 and
J1427.3−4204 from Stickel & Kuehr (1993) and Stickel
et al. (1989) respectively. By following the empirical rela-
tion and line coefficients of Shaw et al. (2012), we derive
bothLdisk andMBH. In particular, Ldisk is computed follow-
ing the scaling relations of Francis et al. (1991) and Celotti
et al. (1997) and assuming that the BLR reprocesses 10% of
Ldisk. Shaw et al. (2012) reported MBH and Mg II line lumi-
nosity for J0957.6+5523 and J1224.7+2124, which we use
to calculate Ldisk. For J1256.2−0548, J1512.7−0906, and
J2254.0+1613, we take their MBH and Ldisk from the liter-
ature (Pian et al. 1999; Woo & Urry 2002; Dai et al. 2007;
Bonnoli et al. 2011; Paliya et al. 2015). For J2000.9−1749,
Mg II line information are available in Oke et al. (1984)
which we use to derive MBH and Ldisk.
6. RESULTS AND DISCUSSION
We generate steady-state, i.e. time-averaged, broadband
SEDs of all 8 FSRQs following the details outlined in Section
3 and reproduce them using both leptonic and lepto-hadronic
emission scenarios. The leptonic model SEDs are presented
in Figure 2 and the associated SED parameters are given in
Table 3. The results of the lepto-hadronic SED modeling are
shown in Figure 3 and we provide the physical parameters
derived from the modeling in Table 4. Using the results of
the SED modeling, we compute the degree of X-ray and γ-
ray polarization predicted by the leptonic and hadronic mod-
els. The results are shown in Figure 4. Table 5 provides
our prediction about the degree of polarization that would be
detected from sources under study at 1 keV and at 1 MeV
energies, correcting for partially ordered magnetic field as
described in Section 4.3.
6.1. Leptonic Modeling
Our SED modeling procedure does not involve any statis-
tical fitting method and hence there could be possible degen-
eracy in the SED parameters. However, depending on the
quality of the observations, the SED parameters are reason-
ably constrained. Before the modeling, we fix to the follow-
ing parameters either due to a priori knowledge or based on
physical considerations: MBH and Ldisk (Section 5), γmin,
θview and the fraction of Ldisk reprocessed by the BLR, torus
and the X-ray corona (e.g., Jorstad et al. 2005; Ghisellini &
Tavecchio 2009; Lister et al. 2013). This fixes the radiative
energy densities used for EC calculation. Among eight free
parameters: N0, s1, s2, B,Rdiss,Γ, γb, and γmax, the slopes
of the electron energy distribution, s1 and s2, can be con-
strained from the shapes of the X-ray and γ-ray SEDs (see
also, Paliya et al. 2017). Whenever the optical spectrum is
found to be synchrotron dominated, it provides further con-
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strains to the high-energy slope s2. We determine the size
of the emission region by assuming it to cover the entire jet
cross-section whose semi-opening angle is assumed as 0.1
rad. The Compton dominance, which is the ratio of the high-
to-low-energy humps, enables us to determine the ratio of
the radiation to magnetic energy density, Urad/Umag, and
hence constrains the location of the emission region. This
is because, in our model, these quantities are a function of
Rdiss. Furthermore, for a major fraction of sources, we find
the optical-UV emission to be synchrotron dominated, which
suggests a high level of SSC. Once the synchrotron spec-
trum is determined from the optical-UV SED, a high level
of SSC emission demands a relatively low magnetic field B.
This is because, with smaller B, higher number of electrons
are needed to achieve the same synchrotron flux level. As
the electrons number density goes up, so the SSC flux level.
Similarly, both SSC and EC fluxes (constrained from the ob-
served X-ray and γ-ray SEDs) also provide a tight constraint
to Γ. An increase in Γ (or equivalently Doppler factor δ)
decreases the electron number density since fewer electrons
are needed to maintain a given synchrotron flux level, thus
decreasing both SSC and EC. However, overall EC flux in-
creases since the enhancement in δ also lead to increase in the
comoving-frame external photon densities (Dermer 1995).
The leptonic modeling reasonably reproduces most of the
observed SEDs of 2FHL FSRQs. The accretion disk emis-
sion is observed at optical-UV frequencies in J1224.7+2124,
J1427.3−4204, and J1512.7−0906. On the other hand, the
optical-UV emission in the remaining 5 sources is domi-
nated by the synchrotron radiation. The high-energy spec-
tra of these objects can be reproduced by a combination of
SSC and EC processes. In our model, the radiative energy
densities are a function of the dissipation distance from the
central black hole. Our modeling parameters suggest that the
emission region is outside of the inner boundary of the BLR
(Table 3). This is evident from the fact that all of the sources
are detected above 50 GeV, which requires the effect of γ-
ray absorption by BLR photons to be negligible. However,
the emission region is likely close to the BLR, because all
the objects have a Compton dominance significantly larger
than unity, implying that the external photon energy density
dominates over the magnetic energy density. In Figure 5, we
present the variation of the comoving-frame radiative energy
densities with distance from the central black hole and also
show the location of the emission region as inferred from the
modeling. We can see that both BLR and torus energy densi-
ties contribute to the observed γ-ray emission, but the domi-
nant fraction comes from the BLR (see also, Joshi et al. 2014,
for similar arguments). The EC peak frequency (νICpeak) is a
further diagnostic of the primary γ-ray emission mechanism.
In the Thomson regime, the peak of the IC component is
νECpeak '
νseedΓ
2γ2b
(1 + z)
(9)
where νseed is the characteristic frequency of seed photons
for EC mechanism (∼ 1015 Hz or ∼ 1013 Hz for BLR and
torus photons, respectively). The derived γb has a rather low
value and therefore a higher energy seed photons can explain
the observed IC peak located around MeV−GeV energies,
which is consistent with BLR photons as the seed photons
for IC. Moreover, above 50 GeV or so, interaction of BLR
photons with jet electrons occurs at Klein-Nishina energies,
whereas, IC scattering of torus photons still remains within
the Thomson regime (e.g., Cerruti et al. 2013; Dermer et al.
2014). To summarize, the emission region is probably lo-
cated at the outer edge of the BLR.
A Compton dominated SED, as observed for all of the
sources, indicates a considerably smaller magnetic jet power
compared to the kinetic luminosity. This, in turn, hints a
low magnetization of the emission region (e.g., Janiak et al.
2015). Furthermore, a comparison of the the kinetic jet
power with the accretion disk luminosity (Table 3) suggests
the jet power to exceed the accretion luminosity, which is
now a well-known fact (Ghisellini et al. 2014). However,
note that the jet power computation is a strong function of
assumed number of protons per electron. If a few pairs are
present in the emission region, thus reducing the number den-
sity of protons, the budget of the jet power will decrease (see,
e.g., Madejski et al. 2016; Pjanka et al. 2017). Moreover,
Sikora et al. (2016) proposed a spine-sheath structured jet
which predicts a lower jet power with respect to that com-
puted by assuming a uniform single-zone emission.
6.2. Hadronic Modeling
The hadronic model produces similarly good fits compared
to the leptonic model. In particular, it predicts higher flux be-
yond 50 GeV than the leptonic model. Here, we fix the view-
ing angle and the Lorentz factors the same as the leptonic fits
to reduce the number of free parameters. The self-consistent
treatment of cooling effects employed in the hadronic fits
promises less degeneracy in the model parameters than the
leptonic fits. The cascading secondaries typically have softer
spectra than the primary protons (Bo¨ttcher et al. 2013). Given
the very hard spectra from X-ray to γ-ray, all sources require
a dominating proton synchrotron contribution for the high-
energy spectral component. Therefore, the underlying pro-
ton spectrum is well constrained by the observed X-ray to
γ-ray SED, which suggests a single power-law shape with
a softer turnover near the high energy end. This turnover,
however, is not consistent with the cooling break that are self-
consistently treated in the hadronic code. Instead, we suggest
that it is due to the particle acceleration. In practice, shock
and magnetic reconnection can produce a power-law shaped
spectrum with a turnover at the high energy end. Numerical
simulations have shown that this turnover is not an exponen-
tial cutoff, but rather like a softer power-law that extends to
about one decade in the particle Lorentz factor (e.g., Sironi
& Spitkovsky 2011; Guo et al. 2016). Our proton spectral
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parameters are generally consistent with the numerical parti-
cle acceleration simulations. Therefore, if the γ-ray of these
hard spectrum Fermi sources is produced through proton syn-
chrotron, then the highest protons should not be efficiently
cooled within one light crossing time. Based on our fitting,
this suggests an upper limit on the magnetic fieldB . 100 G.
It is clear that the emission beyond ∼ 50 GeV is not per-
fectly consistent with an exponential cutoff. We suggest that
this feature is due to the synchrotron of cascading pairs. We
notice that this contribution is generally small compared to
the proton synchrotron. Since the cascading pair flux is pro-
portional to the low-energy photon density, then the low-
energy photon density should be small. Therefore, the emis-
sion region is likely beyond the BLR, so that the low-energy
photons are from the primary electron synchrotron. Given
the observed luminosity, the low photon density indicates a
large emission blob. Our fitting results suggest that the size
is on the order of ∼ 1015 cm.
We find that the X-ray spectra are well fit by the syn-
chrotron of primary protons and cascading pairs. Therefore,
the SSC from the primary electrons must be very low. Then
the ratio between the optical emission, which is dominated by
the synchrotron of the primary electrons, and the X-ray emis-
sion, which is the upper limit of the primary electron SSC,
gives a lower limit on the magnetic field strength. Our fitting
suggests a lower limit on the order of∼ 10 G. This magnetic
field range suggests that the low-energy spectral component
must originate from synchrotron of primary electrons. Thus
the underlying electron spectral shape can be constrained by
the observed optical spectra.
Our fitting results generally suggest that the jet energy
composition is Pe < Pm . Pp. Our results are gener-
ally consistent with previous hadronic model fits (see, e.g.,
Bo¨ttcher et al. 2013). In the hadronic model, the proton
power Pp is generally larger than the accretion luminosity,
which often requires a super Eddington accretion (Zdziarski
& Bo¨ttcher 2015). We notice that, although all the models
parameters are constrained by the multi-wavelength spectra,
the parameter space is rather large. For example, the mag-
netic field strength can range from ∼ 10 G to ∼ 100 G.
To further constrain the model parameters, additional obser-
vational constraints, such as the time-dependent signatures,
are necessary. Zhang et al. (2016) has demonstrated that the
time-dependent multi-wavelength light curves and polariza-
tion signatures can stringently constrain the hadronic model
parameters. However, a detailed time-dependent, variability
focused study is beyond the scope of this paper.
6.3. X-ray Polarization and Anticipation for Future X-ray
Polarimetric Satellites
It is obvious that the high-energy polarization signatures
are drastically different between the leptonic and hadronic
models. Since all eight sources are FSRQs, they exhibit
strong thermal components, which lead to high EC contribu-
tion in the high-energy component. Generally speaking, EC
can be considered unpolarized. Moreover, SSC reduces the
seed synchrotron polarization, thus its polarization degree is
mostly . 40%. As we can see in Figure 4, the maximal lep-
tonic polarization degree is only 20 − 40% at X-rays, where
SSC generally dominates, and then quickly drops to zero to-
wards higher energies, where EC becomes dominant. On the
other hand, the synchrotron emission of protons and cascad-
ing pairs dominates the high-energy emission in the hadronic
model. Here the polarization degree is 70−80%. This makes
the maximal hadronic polarization degree much higher than
that of the leptonic model.
An interesting feature of the hadronic modeling is that all
these hard spectrum FSRQs have a straight and dominating
proton synchrotron SED component. The SSC of primary
electrons and the synchrotron of cascading pairs only mildly
lower the polarization degree at X-rays. Therefore, the X-ray
and γ-ray polarization of the FSRQs are nearly identical. For
the leptonic model, however, the X-ray polarization is clearly
higher than γ-ray. This feature can be examined by future X-
ray and γ-ray polarimeters as a further diagnostic of the two
models for FSRQs.
To give a better prediction of what we expect from fu-
ture high-energy polarimetry, we estimate the corrected high-
energy polarization degree at 1 keV and 1 MeV. The depolar-
ization factor due to partially ordered magnetic field is taken
into account, as detailed in Section 4.3. We use both the av-
erage and high activity state polarization degrees, obtained
by Steward Observatory and RoboPol (Smith et al. 2009;
Pavlidou et al. 2014), to estimate the potential range of high-
energy polarization degree. The results are listed in Table
5. During the average state, the optical polarization degree
is relatively low, ∼ 10%. We estimate that the corrected lep-
tonic polarization degree is∼ 5%, and the hadronic is& 10%
at 1 keV. Since the flux level and the polarization degree are
rather low during the average state, it is hard for next gener-
ation polarimeters to detect high-energy polarization signa-
tures. In addition, it is well known that the optical polariza-
tion signatures are highly variable, which indicate changes in
the magnetic field (Marscher 2014; Zhang et al. 2015). The
same can happen to the high-energy polarization, so that the
averaged polarization degree may be even lower than what
we estimate here. Therefore, we argue that the X-ray and
γ-ray polarization signatures may not be detectable for ei-
ther leptonic or hadronic model by averaging a long period
of high-energy polarization monitoring.
On the other hand, during the elevated activity state, not
only the flux can be higher, but also the optical polarization
degree can be higher, ∼ 30%. Here we find that the X-ray/γ-
ray polarization in the leptonic scenario is ∼ 15%, while the
hadronic polarization is & 30%. Zhang et al. (2016) have
shown that the hadronic high-energy polarization signatures
are similar between the quiescent state and the active state,
and we expect the same for the leptonic model. Therefore,
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we recommend that the next generation polarimeters should
focus on the active state for best high-energy polarization de-
tection. We notice that the hadronic polarization degree is
consistently higher (or comparable) than the optical counter-
part. This is easy to understand, because the optical polar-
ization is generally contaminated by an unpolarized thermal
component in FSRQs, while the X-ray and γ-ray polarization
is mostly due to synchrotron.
To summarize, the current generation polarimeters are
likely to detect X-ray and γ-ray polarization during active
states of FSRQs for both leptonic and hadronic models, and
in particular, when the optical polarization degree is high.
Considering the fact that FSRQs peaks between MeV and
GeV, a γ-ray polarimeter may be easier to detect polarization.
Three polarization features of FSRQs can distinguish the lep-
tonic and hadronic models: 1. the hadronic model shows a
systematic higher polarization degree than the leptonic; 2. in
the hadronic model, the X-ray and γ-ray polarization degrees
are similar, while in the leptonic model, the X-ray polariza-
tion is higher than γ-ray; 3. the hadronic polarization is gen-
erally higher than the optical counterpart, while the leptonic
polarization is only half of that.
6.4. A Detection Beyond 50 GeV and the γ-ray Absorption
In the leptonic emission framework, the origin of the γ-ray
radiation in FSRQs is believed to be due to IC scattering of
BLR photons by the jet electrons. However, the same BLR
radiation field can also absorb γ-rays via the γγ pair produc-
tion process (e.g., Donea & Protheroe 2003; Liu & Bai 2006).
This is aligned with the fact that only a handful of FSRQs are
detected in the VHE band4. Knowledge of the BLR absorp-
tion enables us to constrain the location of the γ-ray emission
region by requiring that the optical depth for γ-ray absorption
should be small (τγγ < 1) at Rdiss. Therefore, it is of great
interest to study the effect of the BLR absorption on the γ-ray
spectra of 2FHL FSRQs.
Recently, Bo¨ttcher & Els (2016) have developed a novel
approach to quantify the γγ opacity due to the BLR radia-
tion field which primarly depends only on the BLR luminos-
ity and energy density. These parameters can be constrained
from the observations: either from the emission line lumi-
nosities or from the modeling of the big blue bump (see Sec-
tion 5 for details). Therefore, we adopt the methodology de-
scribed in Bo¨ttcher & Els (2016) to derive τγγ as a function
of Rdiss. The results are shown in Figure 6. In this figure,
various color lines correspond to τγγ as a function of Rdiss
derived for γ-ray photons of different energies, as labelled.
The location of the γ-ray emitting region is also shown with
the vertical dotted line. As can be seen, τγγ is very small at
Rdiss, even for a γ-ray photon of ∼300 GeV energy (except
for J2254.0+1613 where τγγ & 1). Interestingly, accord-
4 http://tevcat.uchicago.edu/
ing to our calculation, the BLR is transparent to ∼50 GeV
photon even at its inner boundary (shown with the vertical
dashed line). This implies that the γ-ray emission region can
be located close to the BLR where the BLR radiative energy
density is dense enough to act as a primary reservoir of seed
photon for EC process, however, sufficiently transparent to
high energy (50−100 GeV) γ-ray photons.
6.5. Prospects for VHE Emission and EBL Studies
A statistically significant detection above 50 GeV by
Fermi-LAT makes blazars viable candidates for observa-
tions in the VHE band with ground based Cherenkov tele-
scopes such as H.E.S.S., MAGIC and VERITAS. As of now,
only seven FSRQs are known as VHE emitters and this
work includes 3 of them, i.e., J1224.7+2124 (Aleksic´ et al.
2011), J1256.2−0548 (MAGIC Collaboration et al. 2008),
and J1512.7−0906 (H.E.S.S. Collaboration et al. 2013).
The 2FHL spectral shapes of the FSRQs provides us a clue
about their VHE detection possibility due to the broad en-
ergy coverage of the 2FHL catalog (up to 2 TeV). In Figure 1,
where the 100 MeV−2 TeV γ-ray SEDs are shown, we over
plot the sensitivity limits of the MAGIC and HESS telescopes
(pink and green solid lines, respectively) and the future CTA-
North and CTA-South observatories5 (black dashed and solid
lines, respectively) for an integration time of 50 hours and a
given zenith angle (Aleksic´ et al. 2016; Holler et al. 2015).
By comparing the 2FHL spectral points with CTA sensitivity
curves, we expect that CTA will possibly be able to detect
all of them except J1427.3−4204 and J2254.0+1613. These
two objects have the two softest 2FHL spectra among all the
FSRQs and there is only marginal overlap between the CTA
sensitivity curve and their 2FHL bow-tie plot. For both of
them, the 2FHL spectral points lie well below the CTA sen-
sitivity plots. In fact, the 3FGL spectrum of J2254.0+1613 is
modeled as a power law with an exponential cutoff (Acero
et al. 2015) indicating the presence of a sharp decline in
the flux above 50 GeV. McConville et al. (2011) predicted
J0957.6+5523 as a plausible candidate for VHE detection
due to its hard 0.1−300 GeV spectrum and the lack of
significant γ-ray flux variability, however, a dedicated ob-
serving campaign of 35 hours with MAGIC and 45 hours
from VERITAS only resulted in flux upper limits (Aleksic´
et al. 2014; Furniss & McConville 2013). A comparison
with the MAGIC sensitivity curve in the γ-ray spectrum of
J0957.6+5523 (Figure 1) suggests that the source would be
difficult to detect even in 50 hours of integration. Further-
more, as of now, all the FSRQs are detected in the VHE band
5 The sensitivity limits for all instruments are extracted from
the public CTA page: https://www.cta-observatory.org/science/cta-
performance/#1472563157332-1ef9e83d-426c. Note that not all of the
sources are visible from all of the facilities. Therefore, for positive declina-
tion sources, we show sensitivity plots of CTA-North and MAGIC, whereas,
HESS and CTA-South sensitivity curves are used for southern hemisphere
objects.
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during flaring activity periods. However, the unprecedented
sensitivity of CTA will allow us to observe these FSRQs (and
many more) even during their average low activity states.
In general, EBL studies using blazars are more prone to-
wards BL Lac objects (Domı´nguez & Ajello 2015). This
is mainly due to the hard γ-ray spectra of these sources on
which the EBL imprint can easily be observed (e.g., Ack-
ermann et al. 2012). FSRQs, on the other hand, are rarely
detected above 10−20 GeV due to their soft γ-ray spec-
trum. Furthermore, γγ absorption on the BLR radiation field
may be difficult to disentangle from EBL absorption effects.
Therefore, EBL studies with FSRQs are generally more dif-
ficult than with BL Lac sources. In this regard, 2FHL FSRQs
can be used to probe the theories of the redshift dependence
of EBL evolution as they are observed above 50 GeV and also
they are located at high redshifts (z > 0.5). Furthermore,
based on the γγ opacity estimation for the BLR absorption,
we found τγγ < 1 at the location of the γ-ray emitting re-
gions, thus indicating a negligible BLR absorption effect on
the γ-ray spectra of 2FHL FSRQs (Figure 6). In Figure 7, we
plot the energy of the highest energy photons (HEP) detected
from 2FHL sources as a function of their redshifts; 2FHL
FSRQs are marked with stars. We use the EBL attenuation
model of Domı´nguez et al. (2011) to derive the EBL opti-
cal depth (τEBL) for all the sources (see the color scheme in
Figure 7) and show the cosmic γ-ray horizon with 1σ uncer-
tainty, as derived by this model (see also, Domı´nguez et al.
2013). We do not see any major deviation from the pre-
dicted horizon and they are located in the more transparent
region. However, there are a couple of noteworthy observa-
tions. As can be seen, the optical depth towards the FSRQ
J0957.6+5523 (z = 0.9 and HEP = 145 GeV) matches the γ-
ray horizon within the 1σ uncertainty of the latter. Moreover,
at a redshift of 1.55, J1427.3−4204 is the most distant FSRQ
in the 2FHL catalog and has the softest 2FHL spectrum in
our sample. It lies well below the τEBL = 1 line in Figure 7,
which is consistent with its observed γ-ray spectral behavior.
7. SUMMARY
We have performed a broadband analysis of eight FSRQs
present in the 2FHL catalog. Our findings are summarized
below.
1. Both leptonic and hadronic emission models reason-
ably explain the broadband SEDs and are marginally
consistent with 2FHL spectra.
2. The location of the γ-ray emission is found to be at
the outer edge of the BLR and it is consistent with our
quantitative estimate of the γγ opacity for the γ-ray
absorption with the BLR radiation field.
3. According to our analysis, leptonic emission models
predicts a significantly lower degree of high energy po-
larization compared to the hadronic ones.
4. In the hadronic scenario, the degrees of both X-ray and
γ-ray polarization are expected to be similar, but the X-
ray polarization is predicted to be higher than γ-rays if
blazar jets are powered by leptonic emission mecha-
nisms.
5. It is likely that the X-ray polarimeters (e.g., IXPE) may
detect a significant degree of polarization from FSRQs
during their flaring activity states. If so, it will pro-
vide supportive evidence for the hadronic origin of the
observed radiation.
6. A majority of the hard γ-ray spectrum FSRQs would
be detectable with the upcoming TeV facility CTA,
though J2254.0+1613 may remain below the detection
threshold, especially during the non-flaring states, due
to a strong cutoff in its γ-ray spectra.
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Table 1. Basic 2FHL properties of the γ-ray blazars studied in this work. Column information are as follows: (1) 2FHL name; (2) other name;
(3) redshift; (4) test statistic; (5) photon flux (50GeV−2 TeV energy range, in units of 10−11 ph cm−2 s−1); (6) spectral index (50GeV−2
TeV energy range); (7) number of predicted photons; and (8) 3FGL association. All the information are taken from Ackermann et al. (2016).
2FHL name Other name z TS F0.05−2 TeV Γ0.05−2 TeV Npred 3FGL
(1) (2) (3) (4) (5) (6) (7) (8)
J0456.9−2323 PKS 0454−234 1.00 30.7 1.53±0.78 3.23±1.16 4.1 J0457.0−2324
J0957.6+5523 4C +55.17 0.90 120.3 3.59±1.03 3.49±0.72 12.9 J0957.6+5523
J1224.7+2124 4C +21.35 0.43 108.0 5.44±1.29 4.06±0.74 15.0 J1224.9+2122
J1256.2−0548 3C 279 0.54 47.4 1.87±0.87 4.44±1.61 4.9 J1256.1−0547
J1427.3−4204 PKS B1424−418 1.55 41.8 1.65±0.74 11.30±4.60 5.0 J1427.9−4206
J1512.7−0906 PKS 1510−08 0.36 124.0 4.59±1.28 2.99±0.57 13.1 J1512.8−0906
J2000.9−1749 PKS 1958−179 0.65 45.9 2.30±0.92 3.46±0.98 6.7 J2001.0−1750
J2254.0+1613 3C 454.3 0.86 28.5 1.13±0.66 6.26±3.06 3.0 J2254.0+1608
Table 2. Summary of the X-ray analysis.
Name # Exp. NH ΓX βX FX Stat.
(ksec) (1020 cm−2) (10−12 erg cm−2 s−1) χ2/dof
J0456.9−2323 16 54.1 2.84 1.55+0.06−0.07 1.24+0.07−0.07 48.42/58
J0957.6+5523 8 27.3 0.93 1.72+0.12−0.11 0.70
+0.08
−0.08 24.01/18
J1224.7+2124 97 182.6 2.01 1.85+0.02−0.02 −0.48+0.04−0.05 5.93+0.08−0.12 397.06/399
J1256.2−0547 244 422.3 2.05 1.49+0.01−0.01 0.15+0.02−0.02 15.40+0.10−0.10 772.77/675
J1427.3−4204 53 182.4 7.63 1.15+0.04−0.04 0.51+0.07−0.06 3.49+0.09−0.09 376.83/345
J1512.7−0906 168 318.6 6.89 1.38+0.02−0.02 −0.07+0.03−0.03 11.00+0.11−0.15 656.58/638
J2000.9−1749 3 9.4 6.93 1.65+0.18−0.18 1.67+0.24−0.19 8.26/11
J2254.0+1613 153 303.4 6.63 1.21+0.01−0.01 0.31
+0.02
−0.02 42.65
+0.30
−0.30 968.02/731
NOTE—Second column represent the total number of XRT observations for each source. The spectral parameter ΓX represents the best-fit
photon index for a power-law model or slope at the pivot energy (fixed to 1 keV) for the log-parabola model. On the other hand, βX is the
curvature term for the log-parabola model. FX is the integrated X-ray flux in the energy range of 0.3−10 keV.
Table 3. List of the Parameters used/derived in the leptonic SED modeling of 2FHL FSRQs. Col.[1]: 2FHL Name; Col.[2]: viewing angle, in
degrees; Col.[3]: central black hole mass, in log scale; Col.[4]: accretion disk luminosity (erg s−1), in log scale; Col.[5] and [6]: broken power
law spectral indices; Col.[7]: magnetic field, in Gauss; Col.[8]: particle energy density, in erg cm−3; Col.[9]: bulk Lorentz factor; Col.[10]:
break Lorentz factor; Col.[11]: maximum Lorentz factor; Col.[12]: distance of the emission region from the black hole, in parsec; Col.[13]:
Size of the BLR, in parsec; Col.[14]: size of the emission region, in parsec; Col.[15], [16], and [17]: jet powers in magnetic field, electrons,
and protons, respectively. The characteristic temperature of the dusty torus is taken as 500 K and we assume γmin as unity, for all the sources.
2FHL Name θv MBH Ldisk s1 s2 B Ue Γ γb γmax Rdiss RBLR Rblob Pm Pe Pp
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17]
J0456.9−2323 2 9.0 45.6 1.6 3.9 0.8 0.01 18 833 5000 0.10 0.06 0.010 44.8 44.6 46.5
J0957.6+5523 3 8.4 45.6 2.0 3.4 0.6 0.02 14 1762 7000 0.10 0.06 0.010 44.4 44.6 47.0
J1224.7+2124 3 8.8 46.5 1.8 3.7 0.5 0.01 13 226 8000 0.24 0.18 0.024 44.9 44.4 46.8
J1256.2−0548 3 8.5 45.3 1.8 3.9 1.7 0.10 14 352 5000 0.06 0.05 0.006 44.9 44.8 47.1
J1427.3−4204 3 9.0 46.0 1.6 3.7 0.8 0.02 15 852 7000 0.16 0.10 0.016 45.1 45.0 46.9
J1512.7−0906 3 8.8 45.7 1.9 4.0 1.2 0.02 18 206 10000 0.10 0.08 0.010 45.2 44.8 46.8
J2000.9−1749 3 9.0 45.2 1.8 3.6 1.3 0.05 16 272 8000 0.06 0.04 0.006 44.7 44.6 46.9
J2254.0+1613 3 9.0 46.3 2.1 3.8 3.0 0.03 18 215 3500 0.16 0.14 0.016 46.4 45.4 48.0
in this regard.
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Table 4. List of the Parameters used/derived in the hadronic SED modeling of 2FHL FSRQs. Col.[1]: 2FHL Name; Col.[2]: viewing angle,
in degrees; Col.[3]: magnetic field, in Gauss; Col.[4]: bulk Lorentz factor; Col.[5]: power law spectral indices for primary electrons; Col.[6]
and [7]: minimal and maximal Lorentz factors for primary electrons; Col.[8] and [9]: power law spectral indices for primary protons before
and after the spectral break; Col.[10] and [11]: spectral break and maximal Lorentz factors for primary protons; Col.[12]: size of the emission
region, in parsec; Col.[13], [14], and [15]: jet powers in magnetic field, electrons, and protons, respectively. We assume γ1,p as unity for all the
sources.
2FHL Name θv B Γ se γ1,e γ2,e s1,p s2,p γb,p γ2,p Rblob Pm Pe Pp
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]
J0456.9−2323 2 100 18 2.5 80 700 1.9 3.5 108 8× 108 3.2× 10−4 46.1 43.2 47.9
J0957.6+5523 3 100 14 2.0 80 700 1.9 3.0 2× 108 109 3.2× 10−4 45.9 42.8 47.3
J1224.7+2124 3 30 13 2.6 30 900 2.0 3.8 1.2× 108 109 2.3× 10−4 44.4 43.3 49.0
J1256.2−0548 3 50 14 2.8 90 1000 2.0 3.8 108 109 4.8× 10−4 45.6 43.6 48.5
J1427.3−4204 3 100 11 2.5 70 1000 2.0 2.4 4× 108 5× 109 1.3× 10−3 46.9 43.5 48.3
J1512.7−0906 3 50 18 2.2 20 200 2.0 3.7 7× 107 5× 109 2.6× 10−3 47.3 43.0 48.0
J2000.9−1749 3 50 14 2.5 50 2000 2.0 3.7 8× 107 109 2.9× 10−4 45.2 43.5 48.0
J2254.0+1613 3 50 18 2.6 50 1000 2.0 3.5 108 109 3.2× 10−3 47.5 44.2 49.2
Table 5. High energy polarization at 1 keV and 1 MeV derived for 2FHL FSRQs. Column information are as follows: (1) 2FHL name; (2)
average optical polarization taken from Steward or RoboPol observatories (marked with ∗ and †, respectively; Smith et al. 2009; Pavlidou
et al. 2014); (3) depolarization factor Zm, as described in Section 4.3; (4) and (5) degree of polarization predicted at 1 keV from leptonic and
hadronic modeling, respectively; and (6) and (7) degree of polarization predicted at 1 MeV from leptonic and hadronic modeling, respectively.
Note that we derive the polarization at 1 keV and 1 MeV both for the average and elevated activity states appropriately correcting for partially
ordered magnetic field. The high activity state optical polarizations are collected from the Steward observatory database.
2FHL name optical Pol. Zm lep. Pol. had. Pol. lep. Pol. had. Pol.
(%) (1 keV, %) (1 keV, %) (1 MeV, %) (1 MeV, %)
(1) (2) (3) (4) (5) (6) (7)
average activity state
J0456.9−2323 9.9∗ 0.16 4.2 9.5 1.0 10.1
J0957.6+5523 5.7† 0.10 1.6 6.6 1.0 7.2
J1224.7+2124 5.4∗ 0.99 1.8 50.8 0.0 55.3
J1256.2−0548 15.0∗ 0.23 8.7 14.4 1.6 16.4
J1427.3−4204 — — — — — —
J1512.7−0906 3.8∗ 0.14 2.5 9.7 0.0 9.7
J2000.9−1749 13.0† 0.25 6.0 13.4 0.5 15.7
J2254.0+1613 5.8∗ 0.09 1.9 6.2 0.0 6.9
elevated activity state
J0456.9−2323 35.3∗ 0.55 15.3 34.7 3.6 38.3
J0957.6+5523 — — — — — —
J1224.7+2124 29.1∗ 0.99 1.8 50.8 0.0 55.3
J1256.2−0548 34.5∗ 0.53 20.1 33.1 3.7 37.9
J1427.3−4204 — — — — — —
J1512.7−0906 25.8∗ 0.96 17.1 66.4 0.1 66.6
J2000.9−1749 — — — — — —
J2254.0+1613 25.0∗ 0.41 8.7 28.0 0.2 28.4
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Figure 1. Gamma-ray SEDs of FSRQs studied in this work. Spectral data from the 3FGL, 1FHL, and 2FHL catalogs are represented by green
circles, blue squares, and reds stars, respectively. Associated 1σ uncertainties are shown with shaded butterfly regions. We also show the
sensitivity limits for 50 hours of integration with the MAGIC and HESS telescopes (pink and green solid lines, Aleksic´ et al. 2016; Holler
et al. 2015), and the upcoming CTA-North (black dashed line) and CTA-South (black solid line). Note that we plot CTA-North and MAGIC
sensitivities for northern hemisphere objects, whereas, for southern hemisphere sources, we show the sensitivity curves for CTA-South and
HESS observatories.
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Figure 2. Leptonic modeling of the broadband SEDs of 2FHL FSRQs studied here. The data used for the modeling is shown with red filled
circles, whereas, green cricles represent the archival information. Pink thin solid, green dahsed and orange dash-dash-dot lines correspond to
the synchrotron, SSC, and EC mechanisms, respectively. The thermal emissions from the dusty torus, the accretion disk, and the X-ray corona
are shown with black dotted line. The overall radiative output is represented by blue thick solid line. Note that the Fermi-LAT data points are
corrected for EBL absorption following Domı´nguez et al. (2011).
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Figure 3. Broadband SEDs of 2FHL FSRQs modeled with lepto-hadronic radiative model. Electron synchrotron and SSC models are shown
with pink thin solid and green long dashed lines, respectively. On the other hand, proton synchrotron and SSC emissions are represented by red
dash-dot and blue small dashed lines, respectively. Black thick solid line corresponds to sum of all the radiative components. Other information
are same as in Figure 2.
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Figure 4. The degree of X-ray polarization computed by considering both leptonic and hadronic emission scenarios. The components are
appropriately labeled. See the text for details.
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Figure 5. Dissipation distance dependence of the comoving frame radiative energy densities. Vertical black solid and dashed lines represent the
inner boundary of the BLR and the location of the emission region as inferred from the leptonic SED modeling, respectively. Note that the bulk
Lorentz factor Γ varies as min[(Rdiss/3RS)1/2,Γmax], i.e. an accelerating jet followed by a constant moving phase (see, Ghisellini & Tavecchio
2009).
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Figure 6. The variation of γγ absorption optical depth (τγγ) as a function of the location of the emission region (Rdiss) along the jet. Vertical
black dashed and dotted lines correspond to the inner radius of the BLR and the location of the emission region, respectively, as inferred from
the leptonic SED modeling. Horizontal black dash-dash-dot line represent τγγ = 1. Various color lines denote the variation of the optical
depths derived for γ-ray photons of different energies, as labelled.
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Figure 7. A plot of the energy of the highest energy photons detected from 2FHL sources versus redshift, as reported in Ackermann et al.
(2016). The 2FHL FSRQs are shown with stars. The color scheme represents the optical depth (τEBL) for a given energy and redshift following
the EBL attenuation model of Domı´nguez et al. (2011), as shown in the colorbar. Solid black line denotes the cosmic γ-ray horizon with 1σ
uncertainties (shaded area) adopting the same EBL model. As can be seen, on average, the FSRQs follow the opacity pattern expected from the
EBL model.
